Nanowires (NWs) have unique electrical and optical properties of value for many applications including lighting, sensing, and energy harnessing. Consumer products containing NWs increase the risk of NWs being released in the environment, especially into aquatic ecosystems through sewage systems. Daphnia magna is a common, cosmopolitan freshwater organism sensitive to toxicity tests and represents a likely entry point for nanoparticles into food webs of aquatic ecosystems. Here we have evaluated the effect of NW diameter on the gut penetrance of NWs in Daphnia magna. The animals were exposed to NWs of two diameters (40 and 80 nm) and similar length (3.6 and 3.8 mm, respectively) suspended in water. In order to locate the NWs in Daphnia, the NWs were designed to comprise one inherently fluorescent segment of gallium indium phosphide (GaInP) flanked by a gallium phosphide (GaP) segment. Daphnia mortality was assessed directly after 24 h of exposure and 7 days after exposure. Translocation of NWs across the intestinal epithelium was investigated using confocal fluorescence microscopy directly after 24 h of exposure and was observed in 89% of Daphnia exposed to 40 nm NWs and in 11% of Daphnia exposed to 80 nm NWs. A high degree of fragmentation was observed for NWs of both diameters after ingestion by the Daphnia, although 40 nm NWs were fragmented to a greater extent, which could possibly facilitate translocation across the intestinal epithelium. Our results show that the feeding behavior of animals may enhance the ability of NWs to penetrate biological barriers and that penetrance is governed by the NW diameter.
Introduction
Fiber-shaped nanomaterials, such as carbon nanotubes (CNTs) and nanowires (NWs), are gaining more and more interest due to their unique electronic, optical, and mechanical properties. These materials are currently investigated for various applications and will most likely be found in consumer products in the near future (Li et al., 2006) . However, concerns have been raised regarding the potential toxicity of fiber nanomaterials due to their morphological similarities with asbestos fibers (Poland et al., 2008; Ryman-Rasmussen et al., 2009) . It has been shown that the interactions between high aspect ratio nanoparticles and immune cells in vitro can lead to frustrated phagocytosis (Nelson et al., 2010; Schinwald et al., 2012; Sun et al., 2013) , a key event in fiber-related pathogenesis. Using in vivo models allows for the assessment of additional important features of fiber-related pathogenesis such as translocation over biological barriers, biopersistence, and physiological consequences (Adolfsson et al., 2013a; Gallentoft et al., 2015; Linsmeier et al., 2009; Poland et al., 2008; Ryman-Rasmussen et al., 2009; Silva et al., 2014) . For instance, Nelson et al. found that silica nanoparticles with an aspect ratio larger than 1 are toxic and induce developmental defects in zebrafish embryos, whereas silica nanomaterials with an aspect ratio of 1 are neither toxic nor teratogenic (Nelson et al., 2010) . The correlation between nanofiber length and toxicity has been extensively studied in vivo. For instance, the injection of long CNTs into the peritoneal cavity of mice induces an inflammatory response similar to the one induced by long asbestos fibers, whereas the injection of short CNTs had the same effect as the control (Poland et al., 2008) . CNTs have been extensively studied in the context of fiber uptake and biodistribution (Edgington et al., 2014; Parks et al., 2013; Poland et al., 2008) . However, a general problem in CNT studies is the broad size distribution of a given sample, making it difficult to determine the length threshold above which they induce toxicity. Recently, metallic NWs have been used as model particles for high aspect ratio nanoparticles due to their narrow length distribution (Schinwald et al., 2012) . Using these NWs, the length threshold for mouse pulmonary and pleural pathogenicity has been determined to be 14 mm and 4 mm, respectively. Recently, we have proposed semiconductor NWs as suitable model particles for studying high aspect ratio nanoparticles because of their high compositional and geometrical uniformity (Adolfsson et al., 2013a) . We have also shown that adding a small amount of indium during the synthesis of gallium phosphide (GaP) NWs can produce inherently fluorescent gallium indium phosphide (GaInP) segments in GaP NWs, which enables the localization of NWs in vivo using confocal fluorescence microscopy (Adolfsson et al., 2013b) . Moreover, we have shown that hafnium oxide-coated GaP NWs of 5 and 10 mm in length induce a sustained local inflammation when implanted in the rat brain for 12 months, while the brain tissue response to the implantation of 2 mm NWs was similar to the one of controls (Gallentoft et al., 2015; Linsmeier et al., 2009) . Although there is a substantial amount of literature reporting on the effect of diameter for spherical particles (Dobrovolskaia et al., 2009; Sanfins et al., 2014; Tenzer et al., 2011; Walkey et al., 2012) , there are no data available on the effect of the diameter of high aspect ratio nanoparticles on toxicity and particle distribution in tissue. Here, we take advantage of the high degree of particle geometry-control achievable in semiconductor NW synthesis to investigate the effects of NW diameter on Daphnia magna, a freshwater invertebrate, considered as a likely entry point for nanomaterials into aquatic food webs (Mattsson et al., 2015) . We study the effect of NWs with similar length and two different diameters on the Daphnia tissue distribution. We investigate (1) whether the NWs are fragmented in the presence of Daphnia and (2) whether there is a diameter-dependent translocation of NWs over the intestinal epithelium in Daphnia magna.
Methods

Nanowires
The NWs were synthesized using Au-particle assisted metalorganic-vapor-phase-epitaxy (MOVPE) and composed of GaP and GaInP, as described earlier (Adolfsson et al., 2013b) . Briefly, a GaP (111)B substrate decorated with aerosol Au-particles was exposed to precursor gases, phosphine and trimethyl-gallium, at an elevated temperature. The precursors react and crystalize underneath the Au-particle and result in a growing GaP segment with a diameter defined by the Au-particle size, and length determined by the growth time. After a couple of minutes of GaP growth, trimethyl-indium was introduced to produce a fluorescent GaInP segment on top of the grown GaP segment (Figure 1) . A detailed description of the synthesis process and the optical properties of the NWs can be found in our previous work (Adolfsson et al., 2013b) . After the growth procedure, the NWs were broken off the substrate and suspended in liquid by ultrasonication for approximately 30 s while immersed in fresh (unmodified) tap water. The NW concentration was determined by counting all NWs on a cover glass containing 0.1 mL of sample solution, using dark field microscopy and the Particle Analyzer plugin in ImageJ (Abramoff et al., 2004) . The median length (3.6 ± 0.7 mm for 40 nm and 3.8 ± 0.9 mm for 80 nm) and diameter (45 ± 6.1 nm respective 80 ± 10.4 nm) were measured using dark field optical microscopy and scanning electron microscopy (SEM), respectively (Supplementary Table S1, Figure 2a and b). The median length of the fluorescent GaInP segment was determined to be 1.2 ± 0.09 mm for 40 nm and 1.1 ± 0.20 mm for 80 nm NWs. Additional information relating to size distributions, exposure metrics, and the tap water used in the experiments can be found in Supplementary Tables S1-S3, respectively.
Daphnia magna
We have chosen Daphnia magna as an in vivo model organism to evaluate the consequences of NW exposure. The choice of Daphnia magna as an in vivo model was motivated by the wellestablished use of Daphnia for eco-toxicity testing and because it is one of the most sensitive organisms for toxicity assessment. Daphnia magna is a freshwater invertebrate commonly found in lakes and ponds worldwide. It is classified as a fine filter-feeder and an adult Daphnia can filtrate 18.5 mL/h (Burns, 1969) . For uptake of food they use an active selection of particles by direct interception and random internalization of small particles through filtering of the surrounding water (Rosenkranz et al., 2009 ). This feeding behavior allows replacement of up to 3.1% of their body weight each 10 min (Stobbart et al., 1977) . They can also ingest sediment particles by scraping the bottom or stirring up sediments when the food level is low (Gillis et al., 2005) . With these mechanisms they can ingest nano-and micro-sized (20 nm to 70 mm) particles from the water (Rosenkranz et al., 2009; Zhu et al., 2009) , and therefore Daphnia magna is a likely entry point for nanomaterials into aquatic food webs (Mattsson et al., 2015) .
The Daphnia magna used in our study originated from Lake Bysjön, Sweden (55 50 0 15.3 00 N, 13 17 0 16.4 00 E) and were kept under controlled laboratory conditions for more than 100 generations at a day-night cycle of 12 h-12 h and at a temperature of 19 C. The animals were fed twice a week with an algal culture dominated by the green algae, Scenedesmus sp at a concentration of 8.2 Â 10 5 cells/mL.
Exposure
One day after the Daphnia were fed with algae, three Daphnia were transferred to one glass tube with 1.5 mL tap water. The animals were then allowed to empty their gut by swimming in pure water for 4 h, a process that normally takes 2-55 min (Gillis et al., 2005) . After 4 h, the Daphnia were transferred to either 1.5 mL of tap water containing NWs at a concentration of 6.2 ± 1.6 Â 10 10 NWs/L (40 nm NWs, n ¼ 13 tubes, and 80 nm NWs, n ¼ 13 tubes) or to 1.5 mL of water without NWs (control, n ¼ 13 tubes). The Daphnia were allowed to filter the medium for 24 h. After exposure, the samples were divided into three groups, one group for localization of ingested NWs, a second group to investigate long-term effects and clearance, and a third group to investigate mortality. In the first group, each Daphnia (n ¼ 9, Daphnia for each treatment) was washed in phosphatebuffered saline (PBS) twice and the arms were cut off before the animals were fixed in formaldehyde (4% v/v) for 6 h. The Daphnia were washed in PBS for 60 min, permeabilized in Triton X-100 (0.1% v/v) overnight, washed twice in PBS, stained with Hoechst 33342 (5 mM) and Alexa Fluor 488 Phalloidin (0.19 mM) for 48 h before being washed three times in PBS. PBS was used as medium throughout the staining protocol in order to preserve tissue structure after permeabilization. After staining, individual Daphnia were mounted in glycerol and arranged in a lateral view. In the second group, Daphnia (n ¼ 9, Daphnia for each treatment) were moved into tubes with 100 mL fresh tap water, to investigate whether the NWs had a long-term toxicity effect. After 24 h of filtering in water, the Daphnia were prepared for confocal imaging using the same procedure as for group one. In the third group, the mortality was investigated Translocation of NWs through Daphnia magna 1161 directly after exposure (n ¼ 9, Daphnia for each treatment, repeated once), post-exposure after an additional 24 h of filtering fresh tap water (n ¼ 9, Daphnia for each treatment repeated once) and 7 days after exposure (n ¼ 3, Daphnia for each treatment).
Modification of the nanowire suspension due to Daphnia filtering
In order to study the changes in the NW suspension as a result of filtering by Daphnia, we imaged the NW suspensions and measured the NW length before and after filtering using dark field optical microscopy ( Figures 2b and d and 3) . The NW suspensions after filtering were studied further using SEM, in order to detect differences between the 40 nm and 80 nm NW lengths with better precision (Supplementary Table  S1 and Figures S1 and S2 ). To exclude the possibility that the changes in the NW suspensions are induced by Daphniaderived chemical species, NWs were also incubated for 24 h in Daphnia water baths after Daphnia removal from the water. The NW concentration was measured before Daphnia filtering (5.7 ± 1.4 Â 10 10 NWs/L for 40 nm and 6.3 ± 1.1 Â 10 10 NWs/L for 80 nm) and after 24 h of NW incubation in Daphnia water (6.0 ± 0.7 Â 10 10 NWs/L for 40 nm and 6.0 ± 1.7 Â 10 10 NWs/L for 80 nm) using dark field microscopy.
Analysis of translocation of NWs in Daphnia magna
A defined region of the Daphnia, the posterior head region of the midgut (Supplementary Figure S3) , was chosen as sampling area and analyzed using confocal microscopy, where the GaInP fluorescence was used for visualizing the presence of NWs on the basal side of the intestinal epithelium. All samples were analyzed with a Zeiss LSM 510 confocal microscope, using a 63Â oil immersion objective (NA ¼ 1.4), and 1AU optical thickness. We used identical gains for control and exposed samples. The laser/filter settings were: 488 nm ex/650LP em for imaging the GaInP fluorescence, 405 nm ex/420-480BP em for Hoechst 33342, 488 nm ex/505-550BP em for Phalloidin-Alexa Fluor 488 and 488 nm ex/505SP detection for 488 nm laser scattering. All images were processed in ImageJ (Abramoff et al., 2004) with the FIJI package, using the same brightness/contrast settings.
Results
Mortality
The Daphnia were exposed for 24 h to GaP-GaInP NWs suspended in their surrounding water at a concentration of 6.2 Â 10 10 NWs/L. The mortality of the Daphnia was assessed immediately after NW exposure (n ¼ 9, Daphnia for each treatment, repeated once), 1 day after the end of the exposure (n ¼ 9, Daphnia for each treatment, repeated once) and 7 days after the exposure (n ¼ 3, Daphnia for each treatment). No mortality could be observed for Daphnia magna exposed to NWs or in the control group (n ¼ 39 for 80 nm, n ¼ 39 for 40 nm, and n ¼ 39 for control).
Nanowire integrity after filtering by Daphnia magna
After 24 h of filtering by Daphnia, dark field optical microscopy investigations of the medium indicated that NWs had fractured into smaller fragments (Figure 3 ). This was confirmed by the analysis of the length distribution before and after Daphnia filtering using dark field optical microscopy (Supplementary  Table S1 and Figure 2b-d) . In order to compare the fragmented lengths of the two NW populations after filtering with better precision, we also studied the suspensions after filtering using SEM. After 24 h of Daphnia filtering, the median lengths determined using SEM were 402 ± 330 nm and 686 ± 820 nm for 40 and 80 nm diameter NWs, respectively (Supplementary  Table S1 and Figures S1 and S2) . No fragmentation could be seen for NWs incubated in a water bath in which Daphnia had been allowed to stay for 24 h and been removed before addition of the NWs (Figure 3c and f) .
Nanowire localization in the Daphnia tissue
The Daphnia phenotype was studied using confocal microscopy, both immediately after NW exposure and 24 h later. These analyses revealed no phenotypical difference between NW fed and control animals, except in the gut, were red fluorescence was clearly visible in the NW-fed Daphnia (Figure 4) . A large amount of NWs were present in the Daphnia intestine and the majority of the NWs appeared to be confined within the peritrophic membrane (PM) (Figure 5a and b) . However, NWs could also be seen in the intestinal epithelium (Figure 5c-d and Supplementary Figure S4) . One day after the end of the NW exposure, the intestinal epithelium still contained significant amounts of NWs (Supplementary Figure S5) .
Accumulation of NWs in the intestinal epithelium
For both diameters, NWs were accumulating in the intestinal epithelium. The NWs appear to be either inside cells of the intestinal epithelium (Supplementary Figure S4) or in locations that seem to correlate with one or several cells missing from the epithelium (Figure 5c-d) . Patches of missing cells are also present 24 h after exposure for both diameters (Supplementary Figure S5) . Missing cells are visible in every Daphnia in the control group as well (Supplementary Figure S6) , but in this group (n ¼ 9) only one cell is missing and not several adjacent ones, as was seen in 17 out of 18 animals in the NW-fed group (n ¼ 18).
Translocation of NWs over the gut epithelium
Translocation of NWs over the gut epithelium into the basal side of the intestinal epithelium was observed in 89% of Daphnia fed with 40 nm NWs (n ¼ 9) and 11% of Daphnia fed with 80 nm NWs (n ¼ 9). Representative images of translocated 40 nm NWs are shown in Figure 6 and a high magnification image of a translocated 40 nm diameter NW is shown in Supplementary  Figure S7 . The translocated NWs appeared to be shorter than their initial length (Figure 6 and Supplementary Figure S7 ).
Discussion
The NWs studied here do not induce any acute toxicity at the concentration tested (6.2 Â 10 10 NWs/L), which corresponds to 4.6 mg/L for 80 nm and 1.4 mg/L for 40 nm. In contrast, Scanlan et al. classified AgNWs as highly toxic to aquatic organisms based on recorded LC 50 values below 1 mg/L after 24 h of exposure, and reported that shorter NWs are more toxic than longer ones (2 mm compared to 20 mm) (Scanlan et al., 2013) . Artal et al. found toxic effects of AgNWs at 34 mg/L for Daphnia similis after 48 h of exposure (Artal et al., 2013; Mwangi et al., 2011) . It is however possible that the observed toxicity was, at least in part, due to the release of Ag + ions from the NWs. GaP has been shown to release ionic species in vivo as well. Linsmeier et al. found increased amounts of gallium ions in the brain, liver, and kidneys as a consequence of GaP implantation in the rat abdominal wall. In the mentioned study, it was found that GaP implants resulted in sustained inflammation, whereas the immune response against titanium-based control implants decreased over time (Linsmeier et al., 2008) . For comparison, a rough estimation of the highest possible concentration of gallium ions generated in the mentioned study can be calculated by assuming that all gallium in the implant dissolved into ions. This results in a gallium ion concentration of 0.8 mM. The same estimation applied to the experiments presented here, results in a gallium ion concentration of 14 mM and 46 mM, respectively, which is negligible compared to the dose used in the earlier study.
Mwangi et al. reported acute toxicity to Hyalella azteca for silicon carbide NWs at 1 g/L after 48 h of exposure (Mwangi et al., 2011) , which is a higher concentration compared to the acute toxicity concentrations for AgNWs reported above. Although not directly comparable, these studies report markedly different toxicity levels depending on the type of NW studied. This is in agreement with the general conception that many aspects influence the toxic properties of fibers, which complicates generalizations regarding toxicity. It also underlines the importance of isolating and investigating the effect of single parameters. For this reason, the NWs chosen for this work differed mainly with respect to their diameter (median length of 3.6 ± 0.7 mm and 3.8 ± 0.9 mm and diameter of 45 ± 6.1 nm and 80 ± 10.4 nm, respectively).
Our results show that the NWs used in this study were extensively fragmented during the 24 h of exposure. Based on dark field optical microscopy studies of the NW suspensions before and after exposure, the NWs were found to be fragmented from a median length of 3.6 ± 0.7 mm and 3.8 ± 0.9 mm before introducing Daphnia in the medium, to 1.37 ± 0.77 mm and 1.44 ± 0.74 mm for 40 nm and 80 nm NWs, respectively, after 24 h of Daphnia filtering (Figure 2b-d) . Because the lengths of the NW fragments after filtering were comparable to the optical resolution of our dark field setup (NA ¼ 0.4), we reasoned that we would be unable to compare the lengths of the 40 nm and 80 nm NWs using optical microscopy. For this reason, we have used SEM to make this comparison, which resulted in median lengths of 402 ± 330 nm and 686 ± 820 nm for 40 nm and 80 nm NWs, respectively, showing that the 40 nm NWs were broken into smaller fragments than the 80 nm NWs (Supplementary Figure  S2) . The fragmentation is likely a result of Daphnia filtering and is not due to the presence of substances released by Daphnia in the water. Daphnia filter 18.5 mL per hour and animal (Gillis et al., 2005) , and consequently the water is filtrated by the Daphnia up to 900 times under the conditions of our experiment. This leads to repeated ingestions of the NWs and most likely fragmentation of the NWs as they are processed through the gut. To our knowledge, there has not been any detailed analysis of NW length after filtering in Daphnia magna. By contrast, Lin et al. found no fragmentation after CeO 2 NW exposure to zebrafish larvae. They analyzed pseudofeces using transmission electron microscopy (TEM) and found that the NWs are aggregated but retain their original size and aspect ratio (1 mm long and approximately 10 nm in diameter, Lin et al., 2014) . Whether these different results reflect a difference in stability between CeO 2 -and GaP/GaInP NWs or physiological differences between Daphnia and zebrafish larvae is unclear.
The toxicity of highly absorbing substances (such as nanoparticles) can be influenced by the surface to volume ratio of the test vessel since surface absorption will lower the effective concentration (Baumann et al., 2014) . In our case, there was no significant difference in the number of NWs in test tubes without Daphnia before and after 24 h (see Methods section).
After exposure, NWs were seen to accumulate in the intestinal epithelium for both 40 nm (n ¼ 9) and 80 nm NWs (n ¼ 9) (Figure 5c-d) . The NWs appear to be inside cells of the intestinal lining (Supplementary Figure S4) . Whether the cells containing NWs are phagocytic cells, which would explain the mechanism of internalization, is, however, still unknown. Interestingly, we observed high concentrations of NWs in locations where one or several cells of the epithelium were missing (Figure 5c-d) .
Missing cells are visible in the control group as well (Supplementary Figure S6) , but in this group (n ¼ 9) only one DOI: 10.1080 DOI: 10. /17435390.2016 cell is missing and not several adjacent ones, as seen in the NWfed groups (n ¼ 18). Regions of missing cells may be vacancies after holocrine secretion, which is known to take place in the Daphnia intestine (Heinlaan et al., 2011) . However, holocrine cells are typically dispersed among other cell types and do not explain the large disruptions of the cellular lining in the Daphnia exposed to NWs. In comparison, Lin et al. showed ultrastructural damage, blunting of microvilli and epithelial atrophy as a consequence of 1 mm long, 10 nm diameter CeO 2 NW exposure to zebrafish larvae, but no NWs were taken up into the epithelial cells or gained access to subepitehlial tissue (Lin et al., 2014) . In the work of Edgington et al., TEM investigations indicated the presence of CNTs in gut epithelial cells of Daphnia magna, but after further analysis using high-resolution TEM, selective area diffraction and X-ray energy-dispersive spectroscopy, this was determined to be an artifact, and not CNTs (Edgington et al., 2014) . This finding highlights the difficulties in detecting fibers in a complex biological environment without a strong specific signal from the fibers. For this reason, we chose to use fluorescent NWs in this work.
We observed translocation of NWs over the gut epithelium into the basal side of the intestinal epithelium (Figure 6 ), and more frequently for the 40 nm diameter NWs compared to the 80 nm NWs (89% for the 40 nm diameter NWs and 11% for the 80 nm diameter NWs). Translocation of NWs into the body cavity of Daphnia has been reported before (Scanlan et al., 2013) and although this work involved the use of two populations of NWs with different diameter and length, these two factors were simultaneously changed, making it difficult to isolate the effect of the geometrical aspects.
The translocated NWs appeared to be much shorter than 3.6 mm (Supplementary Figure S7) , which was the initial length of the 40 nm NWs in medium before feeding. This indicates that the translocated NWs are fragments of NWs. This finding contrasts with the results of Scanlan et al., who detected intact AgNWs in the hemolymph of Daphnia magna (Scanlan et al., 2013) . However, in that study, hemolymph was collected by puncture through the carapace, which can lead to NW contamination from the carapace. In our study, confocal microscopy was used to locate the NWs in situ. Note, however, that due to the limited resolution of conventional confocal microscopy we were unable to obtain reliable size information of the translocated NWs.
Finally, it is possible that the diameter also has an indirect effect on translocation across the intestinal epithelium, as the 40 nm NWs fragmented into shorter pieces than the 80 nm NWs during filtering, which could possibly influence their ability to translocate. This leads us to believe that the observed preferential translocation of 40 nm diameter NWs through the gut epithelium is due to the fact that smaller NW diameter facilitates translocation, and/or that the NW fragments were shorter for the 40 nm NWs than for the 80 NWs ( Supplementary  Figures S1 and S2 ).
Conclusions
Exposure to NWs for 24 h does not increase the mortality of Daphnia magna neither immediately after NW exposure nor 24 h later. However, the filtering activity of Daphnia magna fragmented the NWs in a diameter-dependent manner. The fragmented 40 nm diameter NWs are shorter compared to 80 nm diameter NWs. Moreover, the 40 nm diameter NW fragments passed through the intestinal epithelium to a higher extent than the 80 nm diameter NWs. This may be a direct effect of the diameter, or due to more extensive fragmentation of the thinner NWs, or a combination of both effects. In a broader context this suggests that biological processes, such as feeding behavior of animals, may facilitate the penetrance of NWs through biological barriers.
